Abstract This study addresses the application of a photoelectrocatalytic (PEC) system with separated hole and electron reactions to treat humic acid (HA) from river water. A TiO 2 electrode, coated by the sol-gel method, is used for that purpose. The degradation of humic acid in the river water was followed with respect to time using parameters of UV 254 , color and total organic carbon (TOC). For comparison purposes the photocatalytic (PC) removal of HA was also studied on the same photoanode. The obtained results showed that the PEC system was much more effective than the PC method. The effect of other important reaction variables, such as external potential, oxygen and UV intensity on HA degradation were also investigated. For all the external applied potential conditions and UV intensity range over 90% removal of UV 254 and color were obtained with the PEC system while TOC removal was between 58-80%.
Introduction
Recently attempts have been made to remove natural organic matter (NOM) in both surface and ground waters because toxic trihalomethanes and other chlorinated disinfection byproducts (DBPs) can result from the reactions of HA and chlorine (Rook, 1974) . Thus, some alternative treatment methods such as advanced oxidation (Wang et al., 2000) , adsorption (Avena and Koopal, 1999) , biofiltration (Hozalski et al., 1999; Melin and Odegard, 1999) and membrane filtration (Thorsen, 1999) have been explored to remove HA from drinking water sources for DBPs control.
Photocatalysis is a promising advanced oxidation technology and has already been successfully applied for disinfection and purification of waters in USA and Europe. Among many kinds of semiconductors, TiO 2 is the most widely used photocatalyst due to its low cost, chemical, physical stability and its ability to mineralize chlorinated by-product precursors such as HA or their by-products completely to CO 2 . It can also eliminate pathogens in the water. However, the TiO 2 /UV process has the following disadvantages. 1. The quantum efficiency of TiO 2 is very low (less than 10%) due to the fast recombination rate of photogenerated electrons and holes. 2. The separation of TiO 2 particles from aqueous suspension is difficult after treatment. 3. TiO 2 /UV photocatalytic process is pH dependent (Vinodgopal et al., 1996; Bekbolet et al., 1998; Odegaard et al., 1999) . The photoelectrocatalytic treatment process, which is the combination of electrochemical and photocatalytic treatment processes, was introduced in 1972 (Fujishima and Honda, 1972) . Later studies have demonstrated that applying a biasing potential decreases the recombination rate of electron and hole (Kim and Anderson, 1994; Candal et al., 1999) . In recent years, the PEC process has been applied to degrade organics in aqueous solution without the separation of hole and electron reactions. All related studies proved that the oxidation efficiency of TiO 2 in the PEC process was higher than in the TiO 2 /UV process (Pelegrini et al., 2000; Zanoni et al., 2002; Li et al., 2002) . Only a few researchers have reported improvements in terms of HA degradation and elimination of pathogens (Buterfield et al., 1997; Li et al., 2002) . Some developments have made it possible to separate electron and hole reactions in the PEC system. This was greatly advantageous for hindering their interaction and improving the efficiency of TiO 2 (Vinodgopal et al., 1996; Selcuk et al., 2003) .
In this study, a non-conventional PEC method has been employed for removing HA from Moose River water. The synergism between PC and PEC processes has been investigated. The effects of oxygen, applied potentials and UV intensity on the degradation of HA were also reported.
Material and methods

Thin-film photoelectrodes
Titanium(IV) isopropoxide (Aldrich) was used as a precursor for preparing TiO 2 colloidal suspensions. Briefly, 20 mL of titanium isopropoxide was added to a nitric acid solution keeping the ratio of Ti/H + /H 2 O at 1/0.5/200. The resulting precipitate was continuously stirred until completely peptized to a stable colloidal suspension. This suspension was dialyzed against Milli-Q water to pH 3.5 by using a Micropore 3500 MW cutoff membrane (Kim and Anderson, 1994) . Thin-film electrodes were cast onto titanium foil back contacts (0.05 or 0.5 mm thick, Goodfellow Cambridge Ltd) following a sequence of dipping, drying and firing at 300°C for 3 hours. Further details are available in the literature (Xu and Anderson, 1991) .
Analysis
The absorbance values at 254 nm (UV 254 ) and at 400 nm (color) were measured in a 10 mm pathway quartz cell using a Hewlett Packard spectrophotometer, model HP 8452A in order to follow the degradation of HA. A total organic carbon (TOC) analyzer (Shimadzu Instruments, model TOC 5000) was used to monitor the removal of organic carbon. Chloride, nitrate, phosphate and sulfate were measured by Dionex ion chromatography.
PEC reactor
As can be seen in Figure 1 , PEC experiments were conducted in a two-compartment reactor isolated by a Nafion 117 membrane. A Princeton Applied Research (PAR) potentiostat, model 6310 was used to bias the TiO 2 photoanode against perforated platinum foil used as counter electrode and a saturated calomel electrode (SCE) as a reference. The photoactive area of the anode (20 cm 2 ) was illuminated by a 450 W Xe-Hg arc lamp Oriel, model 6262 UV light source. The light intensities on electrode surface were measured with an International Light Inc. photometer, model IL 1400A.
Blank and PC experiments
Blank experiments were performed to determine the disappearance of HA in the river water by adsorption on the electrode and reactor surfaces, evaporation during bubbling oxygen, photolysis under illumination without using TiO 2 electrode and electrochemical degradation under 2 V vs SCE applied potential without illumination. No significant removal (≤ 5%) of HA was detected by any of these methods. PC treatment was also performed using the same TiO 2 electrode under illumination without biasing connection.
Results and discussion
Characterization of river water
The water sample was taken from the Moose River, Wisconsin, USA, which has low inorganic ion and high humic matter content (Table 1) . Eight-fold dilution was employed in all of the experiments performed.
PEC/PC degradation
As can be seen in Figure 2 , the treatment performance of the PEC method was much more effective than that of PC method alone. Figure 3 demonstrates PEC UV 254 , color and TOC degradation over time. Almost 90% UV 254 and 97% color removal were achieved over the same time period. TOC removal was very low in the first 3 hour period and increased sharply after 60% UV 254 degradation. TOC removal of 58% was obtained in the photoanode compartment under illumination with the UV intensity of 6 mWcm -2 in 6 hour reaction time.
Effect of UV intensity
The photocurrent in the PEC system is known to be a function of UV intensity thus, enhancement in the photocurrent can be observed at higher UV intensity values. According to the data, increasing UV intensity required shorter reaction time periods to reach higher removal efficiency. Under UV intensity conditions of 6 mWcm -2 , 58% TOC removal was attained in 300 min. Enhanced TOC degradation efficiency as 81% was achieved in 30 min by increasing the UV intensity to 100 mWcm -2 (Table 2) .
Effect of oxygen
To understand the effect of oxygen on both treatment methods, nitrogen was bubbled through the solution until all oxygen was removed. As can be seen from Figure 4 , 52% decrease in TOC removal was attained in the PC process, while 9% decrease was detected in the PEC process. Results are attributed to the oxygen formation on the photoanode surface in the PEC process.
Effect of external potential
In order to establish the maximum effect of an applied potential, the potentials were employed between -0.5 and +1V vs SCE. Almost 90% UV 254 and 97% color removal were obtained for all of the studied conditions. This can be explained by the fact that in a PEC system the destruction of HA does not depend directly on the applied potential or on current density but depends on the electrocatalytic properties such as: adsorption, desorption of reactants and products. On the other hand, the degradation rate of TOC increased with increasing potential ( Figure 5 ). The improvement under positive potential was explained by the decreased recombination rate of holes and electrons by applied potential as reported by previous studies (Kim and Anderson, 1994; Candal et al., 1999) while that under negative potential was attributed to hydrogen peroxide formation in the cathodic reactions (Vinodgopal et al., 1996) .
Conclusions
The following conclusive remarks can be stated according to the presented results:
• Regardless of UV intensity, 90% UV 254 degradation and 97% color removal were achieved in the PEC process. The stronger the UV intensity the higher the TOC removal in the PEC process. TOC removal of 58-81% was attained in river water.
• The efficiency of the PEC method was higher than that of the PC method with respect to UV 254 , color and TOC degradation of the river water. • -0.5 and +1V vs SCE potentials were determined to establish the maximum effect of an applied potential on TOC removal while 0 V vs SCE was enough to establish maximum UV 254 and color degradation.
• Without the use of oxygen, the efficiency of photocatalytic process was reduced by 52% while the PEC treatment performance decreased by just 9% in the absence of oxygen.
